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(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 
etching* with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography arc performed in channels (26, 28, 
30, 32, 34. 36, 38) formed in the substrate. Analytcs 
are loaded into a four-way intersection of channels by 
electrokinetically pumping the analyte through the in- 
tersection (40), followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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Deacription 

APPARATUS AND METHOD FOR PERFORMING MICRO^XUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

This invention was made with Government support under contract 
DE-ACd5-84OR21400 awarded by the U.S. Depvttnent of Enetigjr us Martin Marietta 
Energy Systems, Inc. and the Government has certain rights in this invention. 

10 fH^ nf the invention 

The present invention relates generally to miniature instiumentation for 
chemical analysis, chenucal sensing and synthesis and. more specifically, to eiectricaUy 
controlled manipulations of fluids in nucromachincd channels. These maiupulations can 
be used in a variety of applications, including the dectrically controlled manipulation of 

15 fluid for capiUaiy electrophoresis, liquid chromatography, flow ifijection analysis, and 
chemical reaction and synthens. 



B ^kpround pf the invention 

Laboratory analyas is a cumbersome process. Acquisition of chemical 
20 and biochemical information requires expensive equipment, specialized labs and highly 
Uained personnel. For this reason, laboratory testir«g is done in only a fiaction of 
dinimstances where acquisition of chemical information would be usefiil. A large 
proportion of testing in both research and clinical situations U done with crude manual 
mcUiods tiiat are characterized by high labor costs. Wgh reagent consumption, long 
25 turnaround times, relative imprecision and poor reproducibility-. The practice of 
techniques such as electrophoresis tiiat are m widespread use in biology and medical 
laboratories have not changed significantiy in tiurty years. 

Operations tiut are performed in typical laboratory processes include 
specimen preparation, chemicaIA>iochemical conversions, sample fractionation, signal 
30 detection and data processing. To accomplish tiuae tasks, fiquids are often measured 
and dispensed witii volumetric accuracy, macd togcti>er. and subjected to one or sevcrul 
different physical or chemical enwonments that accomplish conversion or fractionation. 
In researdi, diagnostic, or development situations, these operations are carried out on a 
macroscopic scale using fluid volumes m tiie range of a few microUters to several Bters 
35 at a time. Individual operations are performed in series, often using different specialized 
equipment and instruments for separate steps m the orocess. Complications, difficulty 
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and expense are often the result of operations invoWmg multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted to 

5 perform pipetting, specimen handling, solution mbdng, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much traimng that thdr use has been restricted to a 
relatively small number of research and devdopment programs. More successfiil have 
been automated clinical diagnostic systems for rapidly and inexpensively performing a 

10 small number of applications such as clinical chemistry tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large size and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirability of acploitmg the advantages of integrated qrstems in a 
15 broader context of laboratory applications has led to proposals that such ^sterns be 
miniaturized. In the 1980's, considerable research and development eflfon was put mto 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing imits. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commerdalized products were available in 1993, accounting for revermcs in the U.S. of 
less than $100 million. Most observers agree that this fiulure is pririaiily tcchnolo^cal 
rather than reflecting a imsinterpretation of market potential. In feet, many situations 
25 such as massive screening for new dmgs, highly parallel genetic research and testing, 
micro-chemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would grcaUy benefit ftom miniature mtegrated 

laboratory systems. 

In the early 1990's, people began to discuss the possibility of creating 

30 miniature versions of conventional technotogy. Andreas Manz was one of the first to 
articulate tiie idea in the scientific press. CaUing them "miniaturized total analysis 
systems/' or ^'^-TAS,** he predicted that it would be possible to integrate into single 
units ndcroscopic versions of the various dements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 

35 miniature components have appeared, particularly molecular scpmation methods and 
microvalves. However, attempts to combine these ^sterns into completely integrated 
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systems have not met ^ success. Tlu. is prinurUy bec«»se precise manipirtation of 
Zy fluid volumes in extremely narrow dumnds h« prov«i to be a difficuk technological 

One prominent fidd susceptible to miniaturizaUon is capillary 
dectrophoresis. CapiUary dectrophoresU ha. become a popular technique for sepsn^ 
charged molecuhir spedes in solution. The technique is performed in small capdl-ry 
tubes to reduce band broadening effects due to thermal com«aion «id hence miptove 
resolving power. The small tubes imply thst mimite volumes of mateads. on the order 
of nanditeis. must be handled to iiyect the sample into the separation c apillary tube. 

Current techniques for injection indude dectromigfation and siphomng of 
sample from a container mto a eoniinuous separation tube. Both of these tedmiques 
suffer from rdativdy poor teprodudbility. and dectromigration additionally suffers from 
dectrophoretic mobility^ased bias. For both sampling tedmiques the input «.d of the 
andysis capillary tube must be transferred from a buffer reservoir to a reservoir holdmg 
the sample Thus, a medianicd mampulation is imroWed. For the siphomng mjection. 
the sample resen^ir is rdsed dH,ve the buftr reservoir holding the -dt end of the 

capillary for a fixed length of time. 

An dectromigration iiijection is rffected by applying an appropnatdy 
polarized dectricd potentid across the captllaiy tube for a given duration while Ae 
entrance end of the capillary is m the sample reservoir. This can lead to samplmg bias 
because a disproportionatdy larger quantity of the spedes with higher dectrophor«« 
mobnities migrate into the tube- THe capillary is removed from the sa mple reservoir ar^d 
replaced tato the entnmce buffer reservoir after the injection duration for both 

contimiing need easts for mdhods and apparatuses which lead to 
improved dectrophoretic resohition and improved injection stabiUty. 



30 
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foj^ parv of ^ ^^•r Invention 

The present invention provides microdup Uiboratory systems and 
methods that dlow complex biodiemicd and chemicd procedures to be conduaed on a 
„^ochip under dectronic control. The microdtip hd,oratory sy^s compru« a 
inateiid handling apparatus that transports materids through a system of mterooimected 
r^cdchaJLs on a microdup. The movement of the materids is preosdy d^ectcd 
bylntrollir^thedectricfiddsproducedintheintcgrateddtamids. The prec.se control 
of the movement of sudi malerids end,Ies predse mixing, separation, and reacuon as 
needed to implement a dedrcd biodiemicd or chemicd procedure. 
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The microchip laboratory ^steni of the present itwentioa analyzes and/or 
synthesizes chemical materials in a precise and reproducible inanr*r. The system 
includes a body having integrated chMwds connecting a plurality of reservoirs that store 
the chemical materials used in the chemical analysis or synthesis perfonned by the 

5 system. In one aspect, at least five of the resorvoire simultaneously have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical or 
physical environments, thereby resuhing in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials m the reservoirs are transported through the mtersectionCs). In 
15 one embodiment, the microchip taboratory system acts as a mixer or dUuter that 
combines materials in the intersection(s) by producing an dcclrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electrokmetically iiiiccts precise. controUed amounts of material 

20 through the interscction(s). 

By simaltancously applying an electrical potential at each of at least five 

reservoirs, the microchip hOioratoiy system can aa as a complete system for perfemiing 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
a manner that enables the elcctrokinetic separation of a sample to be analyzed ("the 
25 analyte-O v^ich is then ranted with a reagent from a reagent reservoir. Altcmativdy, a 
chendcal reaction of an analyte and a solvent can be performed first, and then the 
material resultmg fi^om the roacrion can be elcctroldncticaBy separated. As such, the use 
of five or. more reservoirs provides an integrated laboratory system that can perform 

virtual^ any diemical analysis or syntheas. 

3Q In yet another aspect of the invention, the microchip laboratory system 

mdudes a double intersection formed by channels interconnecting at least six reservoirs 
The first intersection can be used to inject a precisely sized analyte plug mto a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional control over the size of the analyte plug. 

35 In addition, the electrical potentials can be controlled in a mariner that transports 
materials from the fifth and sixth reservoirs through the second mtirrsection toward the 
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fin« tatcnoption »d towarf the fourth «sen«,ir after . selected vohi« of inat^ial from 
the first miersection is transported through the second intersection tow«d the fourth 
reservoir. Such control c«, be used to push the ««dyte plug fiirther down the separ^^^ 
duumel wWle enabling a «»ond analyte plug to be injected through the first interaction. 
5 In another aspect, the miciodiip laboratory system acts as a microchip 

flow control system to control the flow of material through an imersection formed by 
integrated chamiels connecting at least four re«,rvoirs. The microchip flow control 
astern «multaneously appUcs . controlled electric.1 potential to at least three of the 
reservoirs wch that the volume of material transported fit>m the first reservoir to a 
,0 second reservoir through the imersection is selectively controlled soWy by Ae 
movement of a material from a third reservoir through the intersection. Preferably, the 
material moved through the third reservoir to selectively control the materid tnmsp^ed 
from the first reservoir is directed toward the same second reservoir as the material from 
the first reservoir. As such, the microchip flow control system acts as a vaWe or a gate 
15 that selectively controls the vohime of material transported through the intersection. 
The microchip flow control system can also be configured to «:t as a dispenser that 
prevents the first material from moving through the intersection toward the second 
reservoir after a selected vohime of tfie first material has passed through the imcrsecuon. 
Alternatively, tiie microchip flow control system can be configured to act as a dUi«er 
that mfaces the first and second materials in the intersection in . mamicr that 
simultaneously transports the first and second materials from the imersection toward the 

second reservoir. . . ^ •« 

Other objects, advantages and saliem fiiatures of the mveiition wUl 

become apparent from the following detailed description, which taken in conjunction 
25 with the annexed dniwings.disdoscsprefai€d embodiments of the ir.ventw 



20 



Tirirf Ttescrint '?" Drawings 

"""^ Figure I Ts a schematic view of a preferred embodi,«ent of the presom 

invention; ^ . . . 

,0 Figure 2 is an enlarged, vortical sectional view of a diamwl shown. 

Figure 3 is a schematic, top view of a microchip according to a second 

preferred embodiment of tiw present invention; 

Figure 4 is an enlarged view of the intersection region of Figure 3; 
Figure S are CCD images of a plug of analyte moving through the 
35 intersection of the Figure 30 embodiment; 
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Figure 6 is a schematic top view of a microchip laboratory system 
according to a tWrd preferred embodiment of a microchip accordiiig to the present 

inventioii; 

Figure 7 is a CCD image of "sample loading mode for rfaodamine B" 

S (shaded area); 

Figure 8(a) is a schematic view of the intersection area of the mtcrodiip 

of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 

in Figure 8(a), after sample loading in the pinched mode; 
IQ Figure 8(c) is a photomicrograph taken of the same area depicted in 

Figure 8(a), after sample loading in the fkiating mode; 

Figure 9 shows integrated fiuorescence signals for injcacd volume 
plotted versus lime for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a fourth 

1 5 preferred embodiment of the present invention; 

Figure 1 1 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present im-endon; 

Figure 13(a) is a achematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 1 2, 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample toading in the pinched mode; 

Figures 13(c)- 13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a), sequentially showing a plug of analyte moving away fixjm the 
25 channel intersection at 1, 2, and 3 seconds, respcaively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyl-lysinc injected for 2s 

with Y equal to 0.97 and 9,7; 

Figure 15 are electropherograms taken at (a) 3.3 cm, (b) 9.9 cm, and 
(c) 16.5 cm from the point of injection for rhodamine B (less retained) and 

30 sulforfiodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
electropherograms of Figure IS, showing variation of the plate number with., channel 
length for rhodamine B (square with plus) and sulforhodamine (square with plus) and 
sulforhodamine (square with dot) with best linear fit (soUd lines) for each analyte; 

35 Figure 17(a) is an etectropherogram of rhodamme B and fluorescein vath 

a separation field strength of 1.5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is an dectropherogFam of ihodaminc B and fluorescein with 
a aeparttion fidd strength of 1.5 kV/cm and a scpanrtion length of 1.6 ninu 

Figure 17(c) is an electropherogram of ihodamine B and fluorescein with 
a separation field strength of 1 .5 kV/cm and a separation length of 11 . 1 mm; 
5 Figure 18 is a graph showing variatfon of the number of plates per unit 

time as a function of the electric fidd strength for itodamine B at scpar^ 
1.6 mm (drele) and ll.l mm (square) and Bar fluorescein at separsUon Iciigths of 1.6 

mm (diamond) and 11.1 mm (triai^e)^ 

Figure 19 shows a chromatQgrwn of coumarins analyzed by 

10 electrochroraatography u»ng the system of Figure 12; 

Figure 20 shows a chromatogram of coumarins restlting from miceUar 
elcctrokineiic capfflary chromatography using the system of Figure 12; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 

system of Figure 12; 

15 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 enAodiment. additionally including a reagent reservoir and rcaaion channel; 

Figure 23 is a schematic view of the embodiment of Figure 20. showing 

applied vdtages; 

Figure 24 shows two electrophcrograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboralo/y system according 
to a Mxth preferred erabod'uncnt of the present invention; 

Figure 26 shows the reproducibiHty of the amount injected for arginine 

and glydne using the system of Figure 25; 
25 Figure 27 shows the overlay of three dectrophoretic separations using 

the system of Figure 25; 

Figure 28 shows a plot of amounts injected versus reaction time usmg the 

system of Figure 25; 

Figure 29 shows an dcctropherogram of restriction fragments produced 

30 using the system of Fi£?ire 25; 

Figure 30 is a schematic view of a microchip laboratoiy system accordmg 

to a seventh preferred embodiment of the present invention, 

Figure 31 IS a schematic view of the apparatus of Figure 21, showing 
sequential applications of voltages to eflfect desired fluidic manipulations; and 
35 Figure 32 is a graph showing the different voltages applied to eflFcct the 

fluidic numipulations of Figure 23. 
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pctailed E>escripttn n of the Invention 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fiuid-bonie material and 
S subjecting the fliuds to selected chemical or pineal environments that produce desired 
conversions or partitioning* Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, difbsion times 
and manu&cturing methods for creating devices on a nucroscopic scale, miniature 
integrated nucro-laboralory systems lend themselves to channels ha*/ing dimensions on 
10 the order of 1 to 100 micrometers in diameter. Within this context, elecu-okinetic 
pumping has proven to be versatile and effective in transpcrting materials in 
microfabricated laboratory systems. 

The present invention provides the tools necessary to make use of 
electrokinetic pumping not only in separations, but also to perform liquid handling that 
IS accomplishes other important sample processing steps, such as chemical conversions or 
sample partitioning. By simultaneously controlling voltage at a plurality of ports 
coiuiccted by charmels in a nucrochip structure^ h is possible to measure and dispense 
fluids with great predion, mbc reagents, incubate reaction components, direct the 
components towards sites of phy^cal or biochemical partition, and subject the 
20 components to detector systems. By combiiung these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated nrucro-laboratory systems can be made up of several 
component elements. Component elements can include Uquid dispersing systems, liquid 
25 mijdng systems, molecular partition systems, detector sights, etc. For example, as 
described herdn, one can construct a relatively complete system for the identification of 
restriction endonudease sites in a DNA molecule. This single microabricated device 
thus includes in a single system the fiinctions that are traditionally performed by a 
technidan employing pipettors, incubators, gel dcctrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the nuxture is 
incubated, and a sdected volume of the reaction iraxture is dispensed into a separation 
channd. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA, 

Shown in Figure I is an example of a microchip laboratory system 10 
configured to miplement an entire dicmical analysis or synthesis. The hiboratory system 
35 10 includes sot reservoirs 12, 14, 16, 18, 20, and 22 connected to each other by a system 
of channels 24 micromacliined into a substrate or base member (not shown in Fig. l\ as 
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difflifiWf<f in more detaiil Mow. Each reservoir 12-22 is in fluid coiiununicatton with a 
corresponding channel 26, 28, 30, 32, 34, 36, and 38 of the channel system 24. The first 
channel 26 leading fiom the first reservoir 12 is connected to tlie second channel 28 
leading from the second reservoir 14 at a first intersection 38. Likewise, the third 
5 channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chamber or channel .42. The fifth channd 34 from the fifUi reservoir 20 is also 
connected to the second intersection 40 such that the second inters^ection 40 is a four- 
way intersection of channds 30, 32, 34, and 42. The fifth channel 34 also intersects the 
1 0 wcth channel 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the reservoirs preferably arc transported 
dectrokinetically through the channd system 24 in order to implement the desired 
analysis or ^nthess. To provide such electnoldnetic transport, the laboratoiy system 10 
indudes a voltage conU^oller 46 capable of applying sdectable volUige levds, inchjding 
15 ground. Such a voltage corUroUer can be implemented using multiple voltage dividers 
and multiple rdays to obtain the sdectable vohage levels. The voltage controller is 
connected to an dectrode portioned in each of the w reservoirs 12-22 by voltage Hncs 
V1-V6 in order to apply the desired voltages to the materi<d& in the reservoirs. 
Preferably, the voltage controller also includes sensor channds SI, S2, and S3 connected 
20 to the first, second, and tWrd intersections 38, 40, 44, respectivdy, in order to sense the 
voltages present at those intersections. 

The use of dectroicinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for liquid chromatography. The present invention also 
25 entails the use of electroosmotic flow to nux various fluids in a controlled and 
reproducible fiuhion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material, fimctiond groups ai the surface of the tube can 
ionize. In the case of tub'mg nmtcrids that are terminated in hydrcxyl groups, protons 
mil leave the sur&ce and enter an aqueoua solvent. Under such conditions the surface 
30 will have a net negative charge and the solvent vrill have an excess of poitive charges, 
mostly in the charged double layer at flie surfiu*. With the application of an dcctric 
fidd across the tube, the excess cations in solution will be attract&i to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state vdocity is given by equation 1, 



35 



4rcT) 
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where v is the solvent velocity, e is the dielectric constant of the fluid. 4 is the zeta 
potential of the suifece, E is the dectric field strenglh, and ?r is the soWent viscosity. 
From equation I it is obvious that the fluid flow velocity or flow rate can be controUed 
S through the dearie field strength. Thus, dectroosmosis can be used as a pfogrammable 

pumping mechanism. 

The laboratoiy microchip system 10 shown in Fi^re 1 could be used for 

peribraung numerous types oflaboratoiy analysis or synthesis, such as DNA sequencing 
or analysis, dectrochroroatography, miceUar dectroldnetic capHlarjr chromatography 
10 (MECC), inorganic ion analysis, and gradient dution liquid chromatography, as 
discussed in more detail below. The fifth chamid 34 typically is used for dectrophoretic 
or dectrochromatographic separations and thus may be refemrd to in certain 
embod'micnts as a separation channd or column. The reaction chamber 42 can be used 
to nux ai^ two chemicals stored in the first and second reservoirs 12. 14. For example, 
IS DNA from the first reservoir 12 could be mbced with an ensyme from tte second 
reservo'u- 14 in the first fatersection 38 and the mixture could be incubiied in the reaction 
chamber 42. The incubated nuxlure could then be transported through the second 
intersccuon 40 into the separation column 34 for separation. The sixih reservoir 22 can 
be used to store a fluorescent labd that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector (P) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction in the first 
intersection 38 and reaction chanibcr 42 and a post-separation cohjmn reaction in the 
third intersection 44, the laboratoiy system 10 can be used to implement many standard 
25 laboratory techniques normdly implemented manuaUy in a conventicnul laboratoiy. In 
addition, the dements of the laboratoiy system 10 could be used to buBd a more 
complex system to solve more conq)lex laboratoiy procedures. 

The laboratory microchip system 10 indudes a substrate or base member 
(not shown in Fig. 1) which can be an approxhnatdy two inch by one inch piece of 
30 microscope slide (Coming, Inc. #2947). WhUe glass is a preferred materid. other similar 
materials may be used, such as fiiscd siUca, ciystalline quartz, fiised quartz, plastics, and 
silicon Of the surfiice is treated suffidently to dtcr its resistivity). Prefcrd)ly. a non- 
conductive material sudi as glass or fiised quartz is used to allow re atively high electric 
fidds to be applied to dccirokineiicaWy transport materids thnn-gh channds in the 
35 microchip. Semiconducting materials such as sHicon could also be used, but the dearie 
fidd appUed would normally need to be kept to a minimum (approximately less than 300 
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volts per centinieter using present techniques of providing insulating laycisX which may 
provide insufficient dectrokinetic movement. 

The channel pattern 24 is foimed in a planar suiftce of the substrate using 
siandaid photolithogniphic procedures followed by chemical wet etUi^ The channel 
pattern may be transferred onto the substrate with a positive photortaist (Shipley 1811) 
and an e-beam written chrome mask (Institute of Advanced ManufiKturing Sciences, 
Inc.). The pattern m^ be chemically etched using HF/NOJB sohition 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whereby the substrate and the cover plate 
surfaces are first hydrolyzed in a ililute NH,OH/H,Oa solution and then joined. The 
assembly is then annealcsd at about 500* C in order to insure proper adhesion of the 

cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affixed to the 
substrate, with portions of the cover plate sandwiched thcrebctwcai. usiiig epoxy or 
IS other suitable means. The reservoirs can be cylindrical with open opposite axial ends. 
Typically, electrical contact is made by plach« • platinum wire electrode in each 
reservoirs. The electrodes are connected to a voltage controller 46 which applies a 
desired potential to select electrodes, in a matmer described m more detail bdow. 

A cross section of the first channel is shown in Figure 2 and is identical to 
20 the cn>5s section ofeachofthe other integrated channels. When usii« a non^wysial^ 

material (such as glass) for the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs, U., the glass etches unifonnly m all directions, and the 
resulting channel geometry is trapezoidal The trapezoidal crcv. section is due to 
•undercutting- by the chemical etching process at the edge of the photoresist In one 
25 embodiment, the channel cross section of the ilhistrated embodiment has dimensions of 
52 nm in depth, 57 jun in width at the top and 45 jun in width at the bottom. In 
another embodiment, the chamicl has a depth "d" of 10pm, an upper width "wl" of 

90pm, and a lower width "w2" of 70pm. 

An important aspect of the present invention is the controlled 

30 dectrokinetic transportation of materids through the channd system 24. Such 
controlled dectrokinetic transport can be used to dispense a sdected amomit of materid 
fiom one of the reservoirs through one or more intersections of the channel structure 24. 
Altomativdy. as noted d)ove. sdected amounts of materids fiom t^vo reservoirs can be 
transported to an intersection where the materials can be mixed in desired 

35 concentrations. 
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ffated Dispenser 

Shown in Figure 3 is a laboratoTy component lOA that can be used to 
implement a preferred method of transporting materials through a channel structure 24A. 
The A foUowing each number in Figure 3 indicates that it corresponds to an analogous 

5 element of Figure 1 of the same number without the A. For sfanplictty, the electrodes 
and the connections to the voltage controller that controls the transport of matcnals 
through the diannd system 24A are not shown in Figure 3. 

The microchip laboratory system lOA shown in Figure 3 controls the 
amount of material from the first reservoir 12A transported through the intersection 40A 

10 toward the fourth reservoir 20A by elcctrokinetically opening and closing access to the 
intersection 40A from the first channel 26A As such, the laboratory- microchip system 
lOA essentially implements a controlled electrokinetic valve. Such an electrokinetic 
valve can be used as a dispenser to dispense selected volumes of a sin^e material or as a 
mixer to mix selected volumes of pkjral materials in the intersection 40A. In general, 

15 electro-osmosis is used to transport "fluid materials'* and dectrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "matcriaT' is used broadly to cover any form of material, 

including fluids and ions. 

The laboratory system lOA provides a continuous urLdtreoiorud flow of 
20 fluid through the separation channel 34A. This injection or dispens'mg scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20 A to remain at ground potential. This will allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at tlie intersection 40A. 
The solid arrows show the mitial flow pattern. Voltages at flie vaious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the intersection 40A is pushed toward the 
30 third reservoir 18A. In general, the potential distribution will be such that the highest 
potentUI is m the second reservoir 16A, a slightly lower potential in the first 
reservoir 12 A, and yet a lower potential in the third reservoir 1 8. A with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20 A is solely the second material from the second reservoir 16A. 
35 To dispense material from the first reservoir 12A through the uitersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential of the first reservoir 12A or the potentials at reservoirs 16A and/or ISA, can be 
floated momentaiily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these concfitions^ the prinuuy flow ivill be from the first reservoir I2A down 
towards the separation channel waste reservoir 20A, The flow from the second and 
5 third reservoirs 16A, 18A will be small and could be in either direction. This condition is 
held iang enough to transport a desired amount of material from the first leservoir 12A 
through the intersection 40A and into the separation channel 34A After sufficient time 
for the desired material to pass through the intersection 40A, the voltage distribution is 
switched bade to the original values to prevent additional material from the first reservoir 
10 12A from flowing through the intersection 40A toward the separation channel 34A. 

One application of such a '*gated dispenser^ is to iigect a controlled, 
variable-sized plug of analyte from the first reservoir 12A for electrophoretic or 
chromatographic separation in the separation channel 34A. In such a system, the first 
reservoir 12A stores analyte, the second reservoir 16A stores an ioriic buffer, the third 
IS reservoir ISA is a first waste reservoir and the fourth reservoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte from the first reservoir 12A, the 
potentials at the buflTer and first waste reservoirs 16A, ISA are simply floated for a short 
period of time (« 100 ms) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug, the potentials at the buffer re:&3rvoir 16A and the 
20 first waste reservoir ISA are reapplied. Alternatively, the valving sequence could be 
effected by bringing reservoirs 16A and ISA to the potential of the inlcrsection 40 A and 
then returning them to their original potentials. A shortfall of this method is that the 
composition of the injected plug has an electrophoretic mobility bias wherd>y the iaster 
migrating compounds are introduced preferentially into the separation column 34A over 
25 slower migrating compounds. 

In Figure 5. a sequential view of a plug of analyte nrioving through the 
intersection of the Figure 3 embodiment can be seen by CCD images The analyte bdng 
pumped through the laboratory system lOA was rhodaroine B (shaded area), and the 
orientation of the CCD images of the injection cross or mtersectior is the same as in 
30 Figure 3. The first image, (A), shows the analyte bring pumped through the injection 
eross or intersection toward the first waste reservoir ISA prior to ihe injection. The 
second image. (B), shows the analyte plug being injected into the separation column 
34A. The third image, (C), depicts the analyte plug moving away from the injection 
uuersection afier an injection plug has been completely mtroduced into the separation 
35 column 34A, The potentials at the buflfer and first waste reservoirs 16A, ISA were 
floated for 100 ms while the sample moved into the separation column 34A By the time 
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of the (C) image, the dosed gate mode has resumed to stop fijrther aralyte fiom moving 
through the imersection 40A into the sqiaration column 34A, and a clean ixycction phig 
with a length of 142 pm has been introduced into the aqiaiation cokimn. As discussed 
bdowy the gated injector contributes to only a minor firaction of the total plate hnght. 
S The iigection plug length (volume) is a fimction of the tune of ihv injection and the 
dectfic field strength in the column. The shape of the injected plug is skewed slightly 
because of the directionality of the deaving buffer flow. However, fc^r a given injection 
period, the reprodudbifity of the amount injected, deteimined by integradng the peak 
area, is 1% RSD for a series of 10 replicate injections. 

10 Electrophoresis experiments were conducted using the mkirochip 

laboratory system lOA of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using andyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomultiplier tube (PMT) tracked dngle point events. The CCD (Princeton 

15 Instruments, Inc. TE/CCD-S12TKM) camera was mounted on a stereo microscope 
(Nikon SMZ«*IJ}« and the laboratory system lOA was illuminated using an argon ion laser 
(S14.5 nnu Coherent Innova SK>) operating at 3 W with the beam expanded to a circular 
spot « 2 cm in diameter. The PMT, with collection optics, was situated bdow the 
microchip with the opticd axis perpendicular to the nucrochip surface. The laser was 

20 operated at approximatdy 20 mW« and the beam impinged upon the microchip at a 4S'' 
angle from the microchip surface and parallel to the separation channd. The laser beam 
and PMT observation a»s were separated by a I3S^ angle. The point detection scheme 
employed a hdium-neon laser (543 nm» PMS Electro-optics LHQP-OOSl) with an 
dectrometer (Kdthley 617) to monitor response of the PMT (Orid 77340). The voltage 

25 controller 46 (Spellman CZE lOOOR) for electrophoresis was operated between 0 and 
-i'4.4 kV rdative to ground. 

The type of gated injector described with respect to Fi^es 3 and 4 show 
electrophoretic mobility based bias as do conventiond dectroosmotic injections. 
Nonetheless^ this approach has simplicity in voltage switching requirements and 

30 &brication and provides continuous unidirectional flow through the separation channd. 
In addition, the gated injector provides a method for vdving a variable volume of fluid 
into the separation channd 34A m a manner that is predsely controlled by the dectricd 
potentials applied. 

Anotlier application of the gated dispenser lOA is to dilute or mix desired 
35 quantities of nuiterials in a controlled manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reservoirs 12A, 16A, the potential 
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in the first and second channels 26A, 30A need to be mauitainrd higher than the 
potential of the intenection40A during mixing. Such potentials wrill cause the materials 
from the first and second rescrvcnrs 12A and I6A to simultaneously move through the 
intersection 40A and thereby mbc the two materials. The potentials appUed at the first 
and second reservcMrs 12A. 16A can be adjusted as de»red to achieve the sdected 
concentration of each material. After dispensing the desired amoun^^ of each mateiiaL 
die potential at the second resovoir 16A m^ be increased hi a nanner sufficient to 
prevent fiirther material fiT>m the first reservoir 12A fiom bdng transported through the 
intersection 40A toward the third reservoir 30A 



Analvte Iniector 

Shown m Figure 6 is a microclnp analyte mjector lOB according to the 
present invention. The channel pattern 24B has four distina channds 26B, 30B, 32B, 
and 34B micromachincd into a substrate 49 as discussed above. Each channel has an 
15 accompan^g reservoir mounted above the terminus of each charuiel portion, and all 
four channels imersett st one end in a fi)ur way intersection 40B. Tlie opposite ends of 
each section provide termini that extend just beyond the peripheral edge of a cover plate 
47 mounted on the substiate 49. The analyte injector lOB shown in Figure 6 is 
substantially identical to the gated dispenser lOA except that the electrical potcntiak are 
20 applied *m a manner that iiijects a volume of material from reservoir 16% through the 
intersection 40B rather than from the reservoir 12B and the volume of material injected 
is controlled by the sxzo of .the uitersection. 

The embod'mtent shown m Figpre 6 can be used for various material 
manipulations. In one appfication. tiie laboratory system is used to in.ect an analyte fi^om 
25 an analyte reservoir 16B through tiie intersection 4QB fi>r separation in the separation 
channel 34B. The analyte injector lOB can be operated in either "load" mode or a "nm" 
mode. Reservoir 16B is supplied with an analyte and reservoir 12B with buffer. 
Reservoir 1 8B acts as an analyte waste reservoir, and reservoir 20B acts as a waste 
reservoir. 

30 In the 'load" mode, at least two types of anal>ie introduction arc 

possible. In tfie first, known as a •boating" loading, a potcmial is applied to the analyte 
reservoir I6B with reservoir 18B grounded. At tiie same time, reservoirs 12B and 20B 
are floating, meaning tiiat tiiey are neither coupled to tiie power source, nor grounded. 

The second load mode is "pinched* loading mode, wherein potentials are 

35 simultaneously appKed at reservoirs 12B, 16B. and 20B, with reservoir 18B grounded in 
order to control the injection plug shape as discussed in more deuul below. As used 
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ha&n, simuluuieously controlling dectricai pocentuds ai plural reservoira means that the 
dectrodcs are connected to a operating power source at tlie same chemicaUy significant 
time period. Floating a reservoir means disconnecting the dectrode in the reservoir fiom 
the power source and thus the electricd potential at the reservoir is not controlled. 
5 In the ^'nin** mode, a potential is applied to the buficr reservoir 12B with 

reservoir 20B grounded and with reservoirs 16B and 18B at apprcximately half of the 
potential of reservoir 12B. During the run mode, the rdativdy high potentid applied to 
the buffer reservoir 12B causes the analyte in the intersection 40B to move toward the 
waste reservoir 20B in the separation column 34B. 

10 Diagnostic experiments were performed using rhodamine B and 

sulforhodamine 101 (Exdton Chcnucd Co., Inc.) as the analyte at 60 for the CCD 
images and 6 for the point detection. A sodium tetraborate buficsr (SO mM. pH 9.2) 
was the mobile phase in the experiments. An injection of spatiaUy well defined smaU 
volume (ft 100 pL) and of small longitudinal extent ( » 100 fim), injection is beneficial 

IS when performing these types of analyses. 

The analyte is loaded into the injection crrsss as a frontal 
dcctropherogram, and once the front of the slowest analyte component passes through 
the injection cross or intersection 40B, the analyte is ready to be analyzed. In Figure 7« a 
CCD image (the area of wluch is denoted by the broken line square) displays the flow 

20 pattern of the analyte 54 (shaded area) and the buffer (white area) tlirough the region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte plug is 
stable over time. The slight asymmetry of the plug shape is due to the different electric 
field strengths in the buffer channel 26B (470 V/cm) and the sepnration channel 34B 

2S (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and the waste rcscsrvoirs. 
and the analyte waste reservoir is grounded. Uowever, the different field strengths do 
not mflucnce the stability of the analyte plug injeaed. Ideally, when the analyte plug is 
injected into the separation channel 34B, only the anal>te in the injection cross or 
intersection 40B would migrate into the separation channel. 

30 The volume of the injection plug in the injection cross is approximately 

120 pL with a plug length of 130 |im. A portion of the analyte 54 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation diannel 34B. 
Following the switch to the separation (run) mode, the volume of ihe injection plug is 
approximately 250 pL with a plug length of 208 pm. These dimensions are estimated 

35 from a scries of CCD images taken inunedtately after the switch is made to the 
separation mode. 
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The two modes of loading were tested for the «naly:e intFoduction into 
ihe separation channel 34B. The analyte was placed in the analyte re«ivoir 16B, and in 
both injection schemes was -transported" in the direction of reservoir 18B. a waste 
reservoir. CCD images of the two ^pes of injections are depicted in Figures 8(a)-8(c). 
5 Figure 8(a) schematically shows the intersection 40B, as weU as the end portions of 
channels. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the run mode. In the pinched mode, anaMe (shown as white 
against the dark background) is punv>iBd dectrophoretically and deciroosmotically from 
10 reservoir 16B to reservoir 18B Qelt to right) with buffer fiom the bufRa- reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward reservoir 18B (right). The 
voltages applied to reservoirs 12B. IfiB, 18B, and 20B were 90%. 90%. 0. and 100%, 
reqiectiveiy.^ of the povrer supply output which correspond to dectric fidd strengths m 
the corresponding channds of 400, 270, 690 and 20 V/cm. respeclivdy. Although the 
1 5 voltage appUed to the waste reservoir 20B is higher than voltage ap pUed to the analytc 
reservoir 18B, the additional length of the separation channd 34B compared to the 
analyte channel 30B provides addtdonsl dectricd resistance, and thus the flow from the 
analyte bufifer 16B into the intersection predominates. Consequent^, the analyte in the 
injection cross or intersection 40B has a trapezoidal shape and is spatmHy constricted in 
20 the diannd 32B by this material transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 1(SB to 18B as in the p'uichcd injection except no potsntid is applied to 
reservoirs 12B and 20B. By not controlling the flow of mobUe phas.; (buffer) in channd 
portions 26B and 34B. the analyte is free to expand into thesj diannds through 
25 convcctivc and diflRisive flow, thereby resulting in an extended injection plug. 

When comparing the pmched and floaimg mjections, the pinched injection 
is superior in three areas: tempord std>ility of the injected volume, the precision of the 
ii^ected volume, and plug length. When two or more andytes *vith vastly different 
mobiUties are to be andyzed, an injection with tempord std)ilil> insures that equd 
30 volumes of the fester and slower moving analytes are mtroduced into the separation 
column or channd 34B. The high reprodudbility of the injection vdume feciUtates the 
ability to perform quantitative andysis. A smdlcr plug length leads to a higher 
separation effidency and, consequenUy. to a greater component capacity for a given 
instrument and to higher speed separations. 
35 To determine the tempord stabHity of each mode, a series of CCD 

fluorescence images were collected at 1.5 second inlervds starting just prior to the 
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analytc reaching the injeuion intersection 40B. An estimate of ili^ amount of analyte 
that is injected was determined by int^rating the fluorescence in the intersection 40B 
and channeb 26B and 34B. This fkiorescence is plotted versus time in Figure 9. 

For the pinched injection, the injected volume stabilises in a &w seconds 
5 and has a stslnlity of 1% relative standard deviation (RSD), which is comparable to the 
stability of the illuminating laser. For the floating injecti<m, the amcunt of analyte to be 
injeaed into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volume of the 
injection plug is ca. 90 pL and stable for the pinched injection versus ca. 300 pL and 

10 continuously increa^ng with time for a floating injection. 

By monitorii^ the separation dumnel at a point 0.9 cm fiom the 
intersection 40B, the reproducibility for the pinched injection node was tested by 
integrating the area of the band profile following introduction into ths separation channel 
34B. For six injections with a duration of 40 seconds, the reproducihility for the pinched 

IS iiyection is 0.7% RSD. Most of this measured instability js fitim the optical 
measurement system. The {Mnched injection has a higher reproducibility because of the 
temporal stability of the volume iiyected. With electronically controlled voltage 
switching, the RSD is expected to improve for both schemes. 

The injection plug width and, ultimately, the resohition between analytes 

20 depends largely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 ^m, but a channel width of 10 (xm is feasible which would lead to a decrease m the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 

25 the separation channel as described above for the "pinched" and "floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-coiumn reactor v^iere 
reagent is continuously being injected into the end of the separation column. In the latter 
case, it would in general not be desirable to have the reagent flowijig back up into the 

30 separation channel. 



Alternate Analyte Injecto r 

Figure 10 illustrates an alternate analyte injector system IOC having six 
different ports or channels 26C| 30C, 32Cp 34C, 56, and 58 respectively connected to six 
35 diff»TOt reservoirs 12C» 16C» ISC, 20C, 60, and 62. The letter C after each element 
number indicates that the indicated element is analogous to a correspondingly numbered 
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dements of FigMte 1. The microchip Uborato«y lysteiii IOC is sir.iilar to labonrtoiy 
systems 10, lOA. and lOB described previously, in that an injection axm or intersection 
40C is pnlvided. In the Figure 10 embodiment, a second interaection 64 and two 
additional iweivoirs 60 and 62 are also provided to overcome the problems with 

5 ceveraiv the flow in the separation channel 

Like the previous embodiments, the anaiyte injector system IOC can be 
used to implement an snalyte separation by electrophoresis or chroraatognMJhy or 
dispense material into some other processing element In the laboratory system IOC, the 
reservoir 12C contains separating buflfcr, reservoir 16C comains the «ialyte. and 

10 reservoirs ISC and 2X are waste reservoirs. Intersection 40C prcfe abl^ 

the pinched mode as in the embodiment shown in Figure 6. The lower intersecaon 64, m 

fluid communication with reservoirs 60 ami 62. are used to provide additional flow so 
that a continuous buffer stream can be directed down towards the uasie reservoir 20C 

«,d. when needed, upwards toward the injection intersection 40C. Reservoir 60 and 
1 5 attMhed channd 56 are not necessary, although they improve performance by reducing 

band broadening as a phig passes the lower intersection 64. In miaiy eases, the flow 

ftom reservoir 60 will be symmetric whh that from reservoir 62. 

Figure 11 U an enlaiged view of the two imcrsecrions 40C and 64. The 

different types of arrows show the flow directions at gwen instances in time for irijection 
20 ofa plug ofanalyteiiito the separation channel. The soUd arrows show the initial 

pattern where the anaiyte b dcctrokinetically pumped into the upp-^r intersection 40C 
and "pinched" by material flow from reservoirs 12C, 60. ami 62 toward this s«ne 
intersection. Flow away from the injection intersection 40C is cearied to the anaiyte 
waste reservoir 18C. The anaiyte is also flowing from the reservoir 16C to the anaiyte 
25 waste reservoir 18C. Under tiicsc conditions, flow from reservoir 60 (and reservoir 62) 
is also going down the separation diamid 340 to the waste reseivoir 20C Sudiaflow 
pattern is created by simultaneously controlling the dectricl potentials at afl s.x 

reservoirs. _ 

A plug of the anaiyte is injected through the mject.on intersection 40C 
30 into the separation duuuid 34C by switdiing to the flow proTde shown by the sho^ 

dashed arrows. Buffer flows down from reservoir 12C to the mjeciion imersecuon 40C 
ami towards reservoirs 16C. 18C and 20C. This flow profile also pushes tiie anaiyte 
plug toward waste reservoir 20C tato the separation channd 34C as described before. 
This flow profile is hdd for a sufficient lengUi of time so as to move the anaiyte plug past 
35 the lower intersection 64. The flow of buffer from reservoirs 60 ami 62 should be low as 

indicated by riie short arrow and into the separation diamid 34C to nrinimize distortion. 
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The distance between the upper and lower intersections 40C and 64, 
respectively, should be as smaO as possible to mionnize phig distortian and criticality of 
timtng in the iwitching between the two flow conditions. Electrodes for sensing the 
electrical potential may also be placed at the lower intersection and ii the channels 56 
5 and 58 to assist in adjustii* the eteciricd potentiaU for proper flow controL Accurate 

flow control at the lower intersection 64 may be necessary to prevcrit undesired band 
broadenmg. 

After the sample phig passes the lower intersection, the potentials are 
switched bade to the initial conditions to give the original flow profile as shown with the 

10 long dashed arrows. This flow pattern wOI allow buffer flow into the separation channel 
34C while the next analyte plug is being transported to the plug fonmng region in the 
upper intersection 40C. This injection scheme wifl allow a rapid succession of injections 
to be made and may be very unportant for samples that ar« slow to migrate or if it takes 
a long time to aclueve a homogeneous sample at the upper intersection 40C such as with 

15 entangled polymer solutions. This implementation of the pmched injection also 
maintains urudirectional flow through the separation channel as nughn be reqiured for a 
post-column reaction as discussed below with rc^ct to Figure 22. 

gftrpentine Channel 

20 Another embodiment of the invention is the modoficd anstyte injector 

system lOD shown in Figure 12. The taboratoiy system lOD shown in Figure 12 is 
substantially identical to the laboratory system lOB shown in Figure 6, except that the 
separation channel 34D follows a serpentine path. The serpentine path of the separation 
channel 34D aUows the length of the separation channel to be greatiy increased without 

25 substantially increasing the area of Uie substrate 49D needed to implcjncnt the serpemine 
path. Increasing the length of tiie separation channel 34D increases tiie ability of the 
Isboratoiy system lOD to distinguish elements of an analyte. In one particularly 
preferred embodiment, the enclosed length (that which is covered by the cover plate 
4900 of the channels extending fiom reservoir 16D to reservoir 18D is 19 mm, whUe the 

30 length of channd portion 26D is 6.4 mm and channel 34D is 17 1 mm The turn radius of 
each turn of tiie channel 34D, which serves as a separation column, is 0.16 mm. 

To perform a separation using the modified analyte injector system lOD, 
an analyte is first loaded into the iruection intersection 40D using one of tiie loading 
metiiods described above. AAer the analyte has been loaded into the imersection 40D of 
35 tiie microdup laboratory system 1 0. tiie voltages arc manuaUy switched from the loading 
mode to the run (separation) mode of operation. Figures I3<a>l3(e) iUustrale a 
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separation of rhodamtne B (Jess retained) and sulfiMtaodanune (more ntauKA) using xnc 
foDowing conditions: 400 V/cm. E^-150V/cm, bufRT = 50 ihM sodium 

tetraborate at pH 9.2. The CXa> images demonstrate the separation iirocess at 1 second 
intervals, with Figure 13(a) showing a schematic of the section of the chip imaged, and 

5 with Figures 1 3(b> 13(e) sho^g the separation unfold. 

Figure 13(b) again shows the pinched injection with the applied voltages 
at reservoirs 12D. 16D, and 20D equal and reservoir 18D ground-id. Figures 13(c)- 
13(e) shows the plug niowng away from the intersection at 1, 2, and 3 seconds, 
respecthwiy, after switching to the run mode. In Figure 13(cX tic injection phig is 

10 migrating around a 90° turn, and band distortion is viable due to the inner portion of the 
plug traveling less distance than the outer poition. By Figure 13(d i, the analytes have 
separated into distinct bands, which are distorted in the sh^ of a paralldosram. In 
Figure 13(e), the bands are well separated and have attuned a nuwe rectangular shape. 
i.e., collapsing of the paralldogram, due to radial difiljsion, an additii>nal contribution to 

IS efBctcncy loss. 

When the switch is made from the load mode to the run mode, a dean 
break of the iiyection phig from the analyte stream is desired to avoid tailing- This is 
achieved by pumping the mobile phase or buffer from channel 26D into channels 30D, 
32D. and 34D simultaneously by maintaining the potential at the intersection 40D below 

20 the potential of reservoir I2D and above the potentials of reseivoirs I6D, 18D, and 20D. 

In the representative experiments described herein. Il»e intersection 40D 
was maintained at 66% of the potential of reservoir 12D during tlie run mode. This 
provided suffidcnt flow of the analyte bade away from the injeciitm mterscction 40D 
down channds 30D and 32D without decreasing the field strength in the separation 

25 channd 34D significantly. Alternate diannd designs would aHow a greater fraction of 
the potential applied at lescivoir 12D to be dropped across the separation channel 34D, 

thereby improving effidency. 

This three way flow is demonstrated in Figures 13(c)-13(e) as the 
analytes in dwnnds 30D and 32D (left and right, respectively) movs fiirther away from 
30 the intersection with tmie. Three way flow permits wdl-ddtned. reprodudble iiijections 
with minimal bleed of the analyte into the separation channel 34D. 



In most appUcations envisaged for these integrated microsystems for 
35 diemical analysis or synthesis it will be necessary to quantify the material present in a 
channd at one or more positions sinular to conventional labo -atory measurement 
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processes. Techniques typically utilized for quantification include, buc are not limited to, 
optical absofbance, refiactivc index changes, fluorescence emiaaon, chemihiminescence, 
various forms of Raman spectroscopy, electrical condudometric measuremenla^ 
electrochemical amperiometric measurements, acoustic wave propagation measurements. 
S Optical absorbence measurements are commonly employed with 

conventional laboratoiy analysis systems because of the generality of the phenomenon in 
the UV portion of the electromagnetic specbrum. Optical absorbence is commonly 
determined by measuring the attenuation of impinging optical power hs it passes through 
a known length of material to be quantified. Alternative approaches are possible with 

10 laser technology including photo acoustic and photo thermal techniques. Such 
measurements can be utilized with the microchip technology discussed here with the 
additional advantage of potentially integrating optical wave guides on microfabricated 
devices. The use of solid-state optical sources such as LEDs and diode lasers with and 
without frequency conversion elements would be attractive for reduciion of system size. 

15 Integration of solid state optical source and detector technology onto a chip does not 
presently appear viable but may one day be of interest. 

Refractive index detectors have also been cormionly used for 
quantification of flowing stream chemical analysis systems because of generality of the 
phenomenon but have typically been less sensitive than optical absorption. Laser based 

20 implementations of refractive index detection could provide adequate sensitivity in some 
situations and have advantages of simp&dty. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection techiuque and is comnr.only employed for 
the analyas of biological materials. This approach to detection ha^ much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity of the 

25 technique and the small volunuss that can be manipulated and analyzed (volumes in the 
picoliter range are feasible). For example, a 100 pL sample volume with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected. There are several dcmonstratioras in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 

30 excitation source for ultrasensitive measurements but conv^itional lij^ht sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used. The 
fluorescence emission can be detected by a photomultiplier tube, pliotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 

3S Raman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrational infomuition, but with the 



W09«/CMS47 



23 



PCT/US95/09492 



disadvviiage of rdativdy poor sensitivity. Sensitivity has been incnascd througl. 
nttftce enhanced Raman spectroscopy (SERS) effects but only at the research levd. 
Electrical or electrochemical detection approaches are also of partxubr interest fix 
implementation on microchip devices due to the ease of integiation onto a 
5 Mciotoricated stnicture and the potentiany high sensitivity that can be attt^ The 
Biost general approach to dectrkal qoandfication is a conductometnc measurement, i.e.. 
, measurement of tiie conductivity of an ionic sample. The prescwe of an wmzed 
uulyte can correspondingly increase the conductivity of a fluid and thus allow 
quantification. Amperiometric measurements imply tiic measurement of tiie current 
10 through an electrode at a given electrical potential due to the reduction or o»daiion of a 
molecule at tf« electrode. Some selectivity can be obtained by controlling tfie potenaal 
of the electrode but H is minimal. Amperiometric detection is . less general techmque 
than conductivity because not all molecules can be reduced or oxidized wirtun the hmrted 
potentials tiuit can be used witii common solvents. Sensitivities in the InM range have 
15 been demonstrated in small volumes (10 nL). The oti«r advantage of tins techmque » 
that the mmAer of electrons measured (tiirough tiie cwreni) is equal to the number of 
molecules present. The electrodes required for other of ti»se detection metiK,ds can be 
iwauded on a nucroftbricated device through a photolitiiographic patterning and metal 
deposition process. Electrodes could riso be used to initiate a chemauminescence 
20 detection process. ,.e., an excited state molecule is generated via an oxidation-reduction 
process which then transfers its erwrgy to » aoalyte molecule, subsequently emittmg a 

photon that is detected. 

Acoustic measurements can also be used for quantif cation of materials 

but have not been widely used to date. One mettiod titat has been t««J pruiuuily for 
25 phase detection U ti.e attenuation or phase shift of a surftce aco.»t.c wave (SMp 
Adsorption of material to the surf«x of a «»bsiraiB «her. a SAW is propagating affects 
the propagation characteristics and aUows a concentration determinaMon. Select«« 
soibents on iht surfece of tiie SAW device are often used. Similar techniques may be 

useful in the devices described herein. 

30 The mixing capabffities of ti»e microchip laboratory' systems described 

herein lend themselves to detection processes ti«t indude tiie «ldiiio« of one or more 
reagents. Derivatization reactions are commonly used in biochemical assays. For 
exlple. amino acids, peptides and protdns are commonly bbelod with dansylatmg 
reaficnU or o-phthaldialdehyde to produce fluorescent molecules tiut are easily 

35 detectable. Alternatively, an enzyme could be used as a labeling «»clecule ««i reagents. 
u«luding substrate, could be added to provide an ewyme amptified detection scheme. 



wo 96/04547 



PCT/US9S/a9492 



24 



the enzyme produces a detectable product. There are mariy exitmples where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
bene& firom integrated mixing methods is chemiiimiinesctaice detei:tion. In these types 
5 of detection scenarios^ a reagent and a catalyst are mixed with ctn appropriate tai^et 
molecule to produce an excited sute molecule that emits a detectab e photon. 

Anah^e Stacking 

To enhance the sensitivity of the microchip laborarory system lOD, an 
10 analyte pre-concentration can be performed prior to the separauon. Concentration 
enhancement is a valuable tool espedally when analyzing envirofunental »mples and 
biological materials, two areas targeted by microchip technology. Analyte stacking is a 
convenient technique to incorporate with electrophoretic analyses. To employ analyte 
stadcir^, the analyte is prepared in a buffer with a lower conductivity than the separation 
15 buffer. The difference in conductivity causes the ions in the analyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a conci;ntrated analyte plug 
portion that is detected more easily. More elaborate preconcentratton techniques include 
two and three bu£fer systems, transient isotachophoreiic preconcentratton. It will be 
evident that the greater the nimiber of solutions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Electroosmotically driven flow enables sepaiwon and sample buffisrs to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channcb can be easily &bricated enabling fluid manipulation with high precision, speed 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentratidn of the analyte is 

performed at the top of the separation channel 34D using a modif ed gated injection to 
stack the aiudyte. First, an arudyte plug is introduced onto the sqjaration channel 34D 
using electroosmotic flow. The analyte plug is then follo^^^d by rrore separation buffer 
firom the buffer reservoir I6D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation bufifers. Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the efT^cts of the stacking on both the 
separation efficiency and detection finuts. 

To employ a gated injection using the microchip laboratory system lOD, 

35 the arudyte is stored in the top reservoir 12D and the buffer is stored in the Icfl reservoir 
The gated injection used for the analyte stacking is performed on an analyte having 
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an tonic lti«qgth that is las than that of the nuiniqg buffer. Bulkr is transported by 
dectroosmosis from the buflFcr reservoir ICD towards both the analyte iwaste and waste 
raservoin 1«D, 200. This buffer stream prevents the anatyte fion bleeding hito the 
separation ehannd 34D. Within a rqjresentative embodiment, the r.3lative potentials at 
5 the buflfer, analyte, analyte waste and waste reservoira aie 1. 0.9, 0.7 and 0, rospo«aivdy. 

For 1 kV applied to the nucrodiip, the field stieqgths in the buflisr. analyte. analyte 
wastes and separation channels during the separation are 170. 130, 180, and 120 V/cm. 
respectwdy. 

To inject the analyte onto the sqiaiation channel 34D. tte potential at the 
10 buffer reservoir 16D is floated (opening of the high vohage switch) lor a brief period of 
time (0. 1 to 10 s), and analyte migrates mto the separation channd. For 1 kV applied to 
the niicroGhip, the fidd strengths in the bufiBBr. sample, sample vmste, and separation 
channels during the injecUon are 0, 240, 120. and 1 10 V/cm. rospcctivdy. To break off 
the analyte plug, the potential at the buffer reservoir 16D is reapplied (dosing of a high 
15 voltage switch). The volume of the analyte plug is a fiinction of the injection time, 
dectric fidd strength, and dectrophoretic mobility. 

The separation buffer and analyte compositions can be quite different, yet 
with the gated injections the integrity of botii the analyte and buJIcr streams can be 
dtematdy maintained in the separation duuuid 34D to peiform the stacking operation. 
20 The analyte stacking depends on tiie rdatwe conductivity of the separation buffer to 
analyte, Y- For example, vwth a 5 mM separation buffer and a 0.516 mM sample (0.016 
mM dansyl-lysine and 0.5 mM sample bufiferX Y » «l"al <«> '•7- ^'Sure 14 shows two 
injection profiles for didansyWysine injected fi)r 2 s with y equal to 0.97 and 9.7. The 
iiyeaion profile with Y « 0.97 (the separation and sample buffers are both 5 mM) shows 
25 nostaddng. The second profile with y = 9.7 shows a modest enhancement of 3.5 fiir 
rdativB peak heights over the injection witt. y - 0.97. Didansyl-lys-ne is an aiuon. and 
thus stadcs at the rear boundary of tiie sample buffer plug. In addition to increasing the 
analyte eom«ntration. the spatid extent of the plug is confined. The injeaion profile 
with Y - 9 l»s a widtii at half-hdght of 0.41 s. while the injection profile witii Y - 0.97 
30 has a width at half-height of 1 .88 s. The dectric fidd strength in the separation channd 
34D during the iiyection Cmjoction fidd strengtii) is 95% of the dectric field strength in 
the separation diannd during the separation (separation fidd strenijth). These proecs 
are measured while the separation field strength is applied. For an iijecuon time of 2 $. 
an h^ection plug width of 1 .9 s is expected for y - 0.97, 
35 The concentration enhancement due to stiU5king was cvahiated for several 

sample plug lengths and relative conductivities of the separation bufl er and analyte. The 
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enhancement due to staddi\g increases with increasing relative corductivities^ y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Althougji the enhancement is 
largest when y • 970, the separation efficiency suflers due to an dectioosmotic pressure 
o rig inating at the concentration boundary when the relative conductivity is too large. A 

5 compromise between the stacking enhancemem and separation efficiency must be 
readied and y * 10 has been found to be opdmal. For separations performed uang 
stacked injections with y « 97 and 970, didan^-iysine and dansyi-isoleudne could not 
be resolved due to a loss in efficiency. Also, because tiie injectiiin process on the 
ndcrochip is computer controlled, and the column is not ph>'»cally triinsportcd from vial 

10 to vial, the reproducibility of the stacked injections is 2. 1 % rsd (perce it relative standard 
deviation) for peak area for 6 replicate analyses. For comparisor^ the non-stackod» 
gated injection has a 1.4% rsd for peak area for 6 replicate analyses, and the pinched 
injection has a 0.75% rsd for peak area for 6 replicate analyses. These correspond well 
to reported values for large-scale, commercial, automated capilhiry electrophoresis 

IS instruments. However, irijections made on the microchip are « 1()0 times smaller in 
volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instnuncnU 

Table l ! Variation ofstacking enhancement with relative conductivity^ y. 

Concentration Enhancement 

1 

6.5 
11.5 
13.8 

20 

Buffer streams of different coruhictivities can be accurately combined on 
microchips. Described herein is a simple stacking method, altho jgh more elaborate 
stacking schemes can be employed by fibrteating a microchip with additional bufler 
reservoirs. In addition, the leading and trailing electrolyte buflB^s. can be selected to 

25 enhance the sample sucking, and ultimately, to lower the detcctioi limits beyond thai 
demonstrated here. It is also noted that much larger enhancements are expected for 
inorganic (elemcntaO cations due to the combination of fieU amplified analyte injection 
and better matching of analyte and buflfer ion mobilities. 

Regardless of wlicther sample stacking is used, the microchip laboratory 

30 system lOD of Figure 12 can be employed to achieve electrophorectic separation of an 
analyte composed of rhodamine B and sulforhodamine. Figure 15 a "e dectropherograms 
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C) 3 3 cm, (b) 9.9 cm. and (c) 16.5 an firom the point of injection for Aodan«ne B 
Acss ret«ned) ind lulfothodaniine (more reuined). The» wcie tdccn using the 
following conditions: injection type was pinched. = SOOV/cm. - 170 V/cm. 
buffia- - 50 mM sodium tetrtboraie rt pH 9 J. To obtain eiectropherograms m ihc 
5 conventional in««er. ilngle poirt detection with the 

used at different locations down the axis of the separation channel 34D. 

An important mcasuie of theutUity of a separation sy stem is the number 
of plates generated per unh time, is given by the formula 

10 N/t-L/(Ht) 

where N is the mimbcr of theoretical plates, t is the separation time. L is the Uaglh of the 
Kparatton column, and H is the height equivalent to a tl«»reocaJ plate. The phite 
hdght. H. can be written as 

H»A-t-B/u 



15 



20 



where A is the sum of the comiibutions firom the injection phig leng ii and the detector 
path length. B is equal to 2D^ where D. is the diffusion cocfiSdent for the analyte m the 
buffer, and u is the linear velocity of the analyte. 

Combining the two equationa above and subsiituiine u - jiE where \x is 
the effi«*ive dectrophoretic moWBty of the analyte and E is the electric field strength, 
the plates per unit time can be expressed as a ftmction of the electric lieM strength: 



N/t =• OiEy / ( AjiE + B) 



25 



At low electric field strengths when vdal diffiision is the dominant form 
of band dispersion, the term AjiE is smaU re'-ative to B and consequcnUy. the number of 
plates per second increases with the square of the electric field stiaigth. 

AS the dectric fidd strength increases, the phite ^eight approaches a 
30 constant vahie. and the plates per unit time increases linearly with the dectric fidd 
strength because B is smaUrdative to AmE. It b thus adv««lageou» to have A as small 
as possible, a benefit ofthepindied injection scheme. , . „ . 

The effidenqy of the dectrophorectic separation of fhodamine B and 
sulforhodamine at ten evenly spaced positions was monitored, eadi constituting a 
separate experiment. At 16.5 cm ftom the point of injection, the efiicencies of 
rhodamine B and sulforhodamine are 38.100 and 29.000 elates, respecthrely. 



35 
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Efficiencies of this magnitude arc suflficicnt for many wparaiioii applications. The 
linearity of the data provide* information about the unifoimity and quality of the channel 
1 *u If - A»f»^ ;n the (4iBnnd. e.g.. a laree nit, was present, a aliarp decrease 



in the efficiency would result; however, none was detected. The efficiency data are 
5 plotted in Figure 16 (conditions for Figure 16 were the same as for Figure 15). 

A similar separation experiment was performed using the microchip 
analyte injector lOB of Figure 6. Because of the straight sepamtion channel 34B. the 
analyte injector lOB enables &ster separations than are possible using the serpentine 
separation channel 34D of the alteinate analyte injector lOD shown in Figure 12. In 
10 addition, the electric field strengths used were higher (470 V/cm and 100 V/cm for the 
bu£fer and separauon channels 26B. 34B, respeclwely). which further increased the 

speed of the separations. 

One particular advantage to the planar microchip laboratory system lOB 
of the present invention is that with laser induced fluorescence the poi H of detection can 

15 be placed anywhere along the separation column. The electrophcrogruns arc detected at 
separation lengths of 0.9 mm, 1.6 ram and U.l mm from the injection intersection 40B. 
The 1.6 mm and 11.1 mm separation lengths were used over a ranjc of electric field 
strengths from 0.06 to 1.5 kV/cm. and the separations had baseline resolution over this 
range. At an electric field strength of 1.5 kV/cm. the analytcs. rhodamine B and 

20 fluorescein, are resolved in less than 150 ms for the 0.9 mm separatiun length, as shown 
in Figure 17(*). in less than 260 ms for the 1 .6 mm sepaiaiicn length, as shown in Figure 
1 7(b). and m less than 1 .6 seconds for the 1 1 . 1 mm separation length, as shown in Figure 

17(c). 

Due to the uapezoidal geometry of the channels, the upper comers make 
25 it difficult to cut the sample plug away precisely when the potentials are switched from 
the sample loading mode to the separation mode. Thus, tlie injection plug has a slight 
tail associated with it, and this effect probably accounts for the tail ng observed in the 
separated peaks. 

In Figure 18, the number of plates per second for the 1.6 mm and 
30 11.1 mm separation lengths are plotted versus the dectiic field stren{»th. The number of 
plates per second quickly becomes a linear fimclion of the electric field strength, because 
the ptate height approaches a constant value. The symbob in Ftgi.re 18 represent the 
experimental data collected for the tvwi analytcs at the 1.6 mm and 1 1.1 mm separation 
lengths. The Uncs are calculated using the previott-Uy-stated equation and the 
35 coefficients arc experimentally determined. A slight deviation is seen between the 
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the buffer reservoir 12D. This method of loading and injecting tte sample is time- 
indqiendent. non-biased and reproducible. 

In Figure 19, a chromatogram of the coumarins is shown for a linear 
velocity of 0.6S mm/s. For C440, 1 1700 plates was observed which coneqKmds to 120 

S plates/s. The most retained component, C460, has an effidency nearly an order of 
magnitude lower than for C440, which was 1290 plates. The undulaing background in 
the chrofnaiograms is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. This, however, did not haraper the quality of 
the separations or detection. These results compare quite well with conventional 

10 laboratory High Performance LC (HPLC) techniques in terms of ilate numbers and 
exceed HPLC in speed by a fiictor of ten. Efficiency is decreasiivg v^ith retention faster 
than would be predicted by theory. This effect may be due to overloacfing of the 
monolayer stationary or kinetic effects due to the high speed of the separation. 

IS yictMRT Elect mkinetic Canillarv Chromatoeraohv 

In the elcctrochromatograpby experiments discussed above with respect 
to Figure 19, sample components were separated by their partitioninsj interaction with a 
stationary phase coated on the channel walls. Another method of separating neutral 
analytes is micellar electrokinetic capillary chromatography (MECC). MECC is an 

20 operational mode of dectrophoresis in which a sur&ctant such as sodhim dodec^lsulfale 
(SDS) is added to the buSer in sufficient concentration to form micelles in the buffer. In 
a typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the micelles and the surrouncUng buffer solution provides a separation mechanism similar 

25 to that of liquid chromatography. 

The microchip laboratory lOD of Figure 12 was used to perform on an 
analyte composed of neutral dyes coumarin 440 (C440), coumarin 450 (0450), and 
coumarin 460 (C460, Exdton Chemical Co., Inc.). Indh;idual stoik sohitions of each 
dye were prepared in methanol, then diluted into the analysis buff-^ before use. The 

30 concentration of each dye was approximately 50|iM unless indicaied otherwise. The 
MECC buffer was composed of 10 mM sod>um borate (pH 9.1), inM SDS, and 10% 
(vAf) methanol. The methanol auls in solubilizing the coumarin dyes in the aqueous 
buffer system and also affects the partitioning of some of the dyes in:o the micelles. Due 
care must be used in working with counuuin dyes as the chemical, physical, and 
35 toxicological properties of these dyes have not been fiilly investigated. 
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The microchip laboratory system lOD was operatetl in the "pinched 
inieclion" mode described previously. The vohages applied to the rcserv^r. a«^ to 
dther loading mode or a "nin- («q»aiation) mode. In tl>e loadii^s mode, a frontal 
chromatogram of the tolution in the analyte rewrvoir 1 6D is pumped electroosmotKaUy 



5 through the Intersection and into the analyte waste reservoir 18D. \ oluges appiiea to 
the buftr and v««te reservoirs also cau«i weak flows into the int section from the 
rides, and then into the anaiyie waste reservoir 18D. The chip iem«ni in this mo^^ 
the dowest moving component of the uudyte has passed through tl.« intersection 40D. 
At this pomt. the «Mdyte phig in the intersection is representative of liie analyte sohmon. 

10 with no dectrokinetic bias. ■ 

An injection is made by switching the chip to the 'run mode which 
changes the voltages applied to the reservoirs such that buffer now flc«vs from the bufftr 
reservoir 12D through the intersection 40D irto the separation channel 34D toward the 
waste reservoir 20D. The plug of analyte that was in the intersection 40D is swept uito 

15 the separation chamud 34D. Proportionately lower voltages are .poUed to the analjrt^ 
^ amdyte waste reservoirs 16D. 18D to cause a weak flow of bu-ftr from the buffer 
reservoir 12D into these chamiels. These flows ensure that the sariple phig .s dcanly 
-broken oiT from the analyte sueam. and that no excess analyte leak* mto the scparaUon 

channel during the analyris. . 

•n« resulu of the MECC analysis of a mixture of C4*iO. C450. and C460 
are shown hi Figure 20. The peaks were identified by indhridual E.»lyse. of each dye 
The migration time stabihty of the first peak, C440. with changing methanol 
concentration was a strong indicator that tins dye did not partition into the micdles to a 
significant extent. Therefore it was considered ». electroosmotic flow marker with 
I^ration time to. The last peak. C460. was assumed to be a „«.1cer for the mice^ 
Js^n time. tm. Using these values of tO and tm from the data « ^'t^fj^ 
cal^ elution range. tO/tm. U 0.43. IhU agrees well with a lite, ature value of tO/tm 
= 0 4 for a simitar bu&r system, and supports our assumption. These resuhs compare 
weH with conventional MECC performed in capHlaries and al«i shows some «ivantag« 
the elecuochromatography «cperimem described above m that efficiency « retamc^ 
with retention ratio. Further advantages of this approach to separating neutral speaes « 
that no surface modification of the waDs is necessary and that th. stationary phase « 
continuously refreshed during experimentt. 
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Iff^>rpanic Ion Analvris 

Another laboratory analysis that can be performed on either the 
laboratory system lOB of Figure 6 or the laboratoiy system lOD of Figure 12 is 
inorganic ion analysis. Vmg the laboratory ostein lOB of Figure 6, inorganic ion 

5 analysis was performed on metal ions oomplexed with 8-hydroKyi]uinofine-S-sulfomc 
add (HQS) whidi are separated by dectrophoresis and detected with UV huser induced 
fluorescence. HQS has been widdy used as a ligand for optical determirutions of metal 
ions. The optical properties and the solubility of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion chromatoGraphy arul capillary 

10 electrophoresis. Because uncomplexed HQS does not fluoresce, ex<:ess ligand is added 
to the buffer to maintain the complexation equilibria during the separation without 
contributing a large background «gnal. This benefits both this efficiency of the 
separation and detectability of the sample. The compounds used for the e3q>eriments arc 
zinc sul&te, cadnuum nitrate, and alimiinum mtrate. The buffer is sodium phosphate (60 

IS mNt pH 6.9) with 8- faydroxyquinoline-S-sulfonic acid (20 mM for all experiments 
except Figure S; Sigma Chemical Co.)- At least SO mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The 5ubstrate49B used was fiised quartz, which 
provides greater ^risibility than glass substrates. 

The floating or pinched analyte loading, as described previously vAth 

20 respea to Figure 6. is used to transport the analyte to tlie injectiim intersection 40B. 
With the floating sample loading, the injected plug has no electro phoretic bias« but the 
volume of sample is a fiinction of the sample loading tnne Becauss the sample loading 
time is inversely proportional to the field strength used, for high injixtion field strengths 
a sliorter injection time is used than for low injection field strengths. For example, for an 

25 injection fidd strength of 630 V/cm (Figure 3a), the injection umu is 12 s, and for an 
ir^ection fidd strength of S20 V/cm (Figure 3b), the injection time is 14.5 s. Both die 
pinched and floating sample loading can be used with and mtfaou suppression of the 
electroosmotic flow. 

Figures 21(a) and 21(b) show the separation cf three metal ions 

30 complexed with 8-hydroxyquino1ine-S-sulfoiuc acid. AH three aimplcxcs have a net 
negative charge. With the electroosmotic flow minimized by the covalent bonding of 
polyaciylamide to the channel walls, negative potentials relative to ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm, respectively, and the 

35 separation length is 16.5 mm. The volume of the injcaion plug is 120 pL wliich 
corresponds to 16, 7, and 19 ftnol injected for Zn, Cd, and Al, respectively, for Figure 
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4a. In Figure 4b. 0.48. 0.23. and 0.59 find of Zn. Cd. «kI Al, ^^y-J^ 

onto the sepamHon column. The ^ leprodudbiUty of tl* amounts mje^ « 1-6/. 

(percent relative «andard deviation) aa measured by peak ^ 
,«jy«). The stability of the laser used to eKdte the complexes .s«l^«<i The 

detection Emits arc in a range where uscfiil analyses can be performed 

Pff P*-Sep*fati<n i rt'aiT"'^ Reactor • t:- ^no Th^ 

An Itemate microchip taboratory system lOE is Shown ui Figure 22. Tie 
five^iort pattern of c*am«U i« disposed on a substrate 49E ««l whh . cover tf^ 

„T the previously-described embodimams. H»e microchip labo atory sy^cm lOE 
embodiment was fabricated using standard photolithographic, wet chemical etchmg. and 
bonding technicrues. A photomask was fa,ric.ted by sputtermg chrome (S«^^^ 
dass slide and ablating the channel design into the chrome film v» a CAD/CAM laser 
S,lation system (Resonetics, Inc.). The channel design was then i.-ansferred onto tte 
«*strates using a positive photoresist. The channels were etched in- 0 the ~b««^-n a 
dUttte HfTNhJ' bath. To form the sepaiation chamid 34E. a coverptete was bonded to 
the substrate over the etched chamids using a direct bonding technique. The surface 

were hydroly«d in dilute NH.OH/Hrfb solution, rinsed in ddonizcd, filtered ifc. jomed 
and then am«»led at 500-C. Cylindrical glass reservoirs affi>.ed on the substrate 
, using RTV sUicone (made by Gcnend Electric). Platimim dectrode. provided dectn«I 
contact from the voltage controUer 46E (Spellman CZEIOOOR) to the solutions m the 

The channd 26E is in one embodiment 2.7 mm in length from the first 
reservoir 12E to the intersection 40E. while the dumnd 30E is 7.0 mm. and the third 
5 d«nnd 32E is 6.7 mm. The sepanuion diamid 34E is modified to be ody 7.0 mm m 
length, due to the addition of a reagent resen^oir 22E which has a reagent c^^ 

Zcom«ctstotheseparationd«mnd34Eatamixingtec44E. T'lus. the length of 
separation chamud 34E is measured from the intersection 40E to the 
tL channd 56 extending from the mixing tee 44E to the waste reservnir 20E « the 
,0 reaction column or diannd. and in the ilhistrated embodiment this channd is lO.R mm m 
length. The length ofthe reagent channd 36E is 11.6 mm 

In a represemative example, the Figure 22 embodiment was used to 
separate an analyte and the separation was monitored on-micro-Jup via fluorescence 
uring an argon ion User (3SU mn. 50 mW, Cohered l««wa 90i ^c^u^J^ 
35 CocJ. signal was collected with a photomultiplier tube (PMT. Ond 77340) for 
point detection and a charge coupled device (CCD. Princeton Instruments, Inc. 
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TE/CCD-512TKM) for imaging a region of the microchip 90, The compouods used for 
testing the apparatus wore rfaodamine B (Exciton Chemical Co., Inc.) ankaat, glycine, 
threonine and o-phihaldialdehyde (Sigma Chemical Co.) A 8odh»m tetrrfjorate bufiGsr 
(20 mM. pH 9.2) with 2% (v/v) methanol and 0.5H (vAr) p-mercaptoethanol was the 
5 buffer in aU tests. The concentrations of the amino add, OPA and rhodamine B 
sohidons were 2mM, 3.7mM, and SOjiM, respectively. Several mi conditions were 
utilized. 

The schematic view m Figure 23 demonstrates one exa iiplc when 1 Wis 
applied to the entire system. With this vohage configuration, the eie(«ric field strengths 
10 in the separation channel 34E «a the reaction channel 36E (£«.) are 200 and 425 
V/cm, respectively. This allows the combining of 1 part separation .sflhicni with 1.125 
paiu reagent at the mixing tee 44E. An analyte imroduction system soch as this, with or 
without post-column reaction, allows a very rapid «jyde time for muliiple analyses. 

The dectiopherograms; (A) and (B) in Figure 2^ demonstrate the 
15 separation of two pairs of amino acids. The voltage configuralior is the same as in 
Figure 23. except the total applied voltage is 4 IcV which correspond!; to an electric field 
strength of 800 V/cm in the separation column (E^) and 1.700 V/cm. ui the reaction 
column (E™0 The injection times were 100 ms for the tests wliich correspond to 
est'unated injection phig lengda of 384. 245. and 225 nm for arginine. glycine and 
20 tiireonine, respectively. The injeaion volumes of 102. 65. and 60 pL correspond to 200, 
130. and 120 finol injected for aTjpnhie, glycine and tiuconine, respectively. The point of 
detection is 6.5 mm downstream from tiie mixing tee which gives a total column length 
of 13.5 mm for the separation and reaction. 

The reaction rates of the amino acids with the OPA are moderately fest, 
25 but not &st enough on the time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of ti»e derivatized com.iounds are different 
from the pure ammo acids. Until tiie reaction is complete. Uus zones of unreacicd and 
reacted amino acid wiU move at different velocities causing a broadening of the analyte 
zone. As evidenced in Figure 24. glycine has tiie greatest discrepan-*y in electrophoretic 
30 mobifities between the derivatized and un-derivatized amino acid. To ensure that tiie 
excessive band broadening was not a fonction of the retention time, tiueonine was also 
tested. Threonine has a slightly longer retention time than tiie jjycine; however tiie 
broadeiung is not as extenave as for gjyctne. 

To test tiie efficiency of tiic microchip in borii the separation column and 
35 tiie reaction column, a fluorescent laser dye. rhodamine B, wcs used as a probe 
Efficiency measurements calculated from peak widths at half height were made usmg tiie 
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point dtttectaon sohvine at diaUmces of 6 mm and 8 mm firom the injection cross, or 1 luiii 

vpstrcam and 1 mm downstream from the mixing tee. This providt:d infisnnation on the 
fiflbcts of the mixing of the two streams. 

The electric field strengths in the reagent column and the separation 
S column were approximately equal, and the field strength in the reaction column was 
twice that of the separation column. This configuration of the applied vohages allowed 
an approximately 1:1 volume ratio of derivatiang reagent and effluent fiom the 
separation column. As the fidd strengths faicreased, the degree of turbulence at the 
mixing tee increased. At the sq)aration distance of 6 mm (Imn upstream from the 
10 mixing tee), the plate height as expected as the inverse of the linear velocity of the 
analyte. At the scpaiation distance of 8 mm (1 mm upstiieam from the mixing tee), the 
plate hdght data decreased as expected as the inverse of the velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the mixing teeX the plate 
height dau decreases from 140 V/cm to 280 V/cm to 1400 VAnn- This behavior is 
IS abnormal and demonstrates a band broademng phenomena when iwo streams of equal 
volumes converge. Thegeonietiyofthenuxingtccwasnotoptin'izcdtomininMM 
band distortion. Above separation field strength of 840 V/cm, the system stabilizes and 
agsun the plate height decreases with oicreasing fincar velocity. For « 1400 V/cm, 
the ratio of the plate heights at the 8 mm and 6 mm separation lengths is 1.22 which is 
20 not an unacceptable loss in efficiency for the separation. 

The intensity of the fluorescence signal generated from the reaction of 
OPA with an amino add was tested by continuously pumpinj glycine down the 
separation channel to nux with the OPA at the mfadng tee. The fluorescence signal fix>m 
the OP/^amino arid reaction was collected using a CCD as the product moved 
25 downstream from the mixing tee. Again, the relative volume r^iio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino acids of 
4 s. The average residence times of an analyte molecule in the windim of observation are 
4.68, 2.34, 1.17, and 0.S8 s for the electric field strengths in the re action column (£«) 
of 240, 480. 960, and 1920 V/cm, respectwtiy. The relau\'e mtensities of the 
30 fluorescence correspond quatiUtivdy to this 4 s half-ttme of re;iction. As the field 
strength increases in the reaction channel, the slope and maximum of the intensity of the 
fluorescence shifts fiirther downstream because the glycine and OPA are swept away 
from the mtxmg tee fiisier with higher field strengths. Ideally, the t*served fluorescence 
fiom the product would have a step fiinction of a response Sallowing the minng of the 
35 separation effluent and derivatizing reagent. However, the kinetics of the reaction and a 
fitute rate of mixing dominated by difliision prevent this from occuri-ing. 
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The separation usiiig the post-separation chanad reactor employed a 
gated mjection scheme in order to keep the «atyte. buffer Mod n^gent streams isolated 
as discussed above with respeet to Figure 3. For the post.«^ation channel inactions, 
the microchip was operated in a continuous analyt. loading/scpai^tion mode whereby 
the analyte was continuously pumped from the analyte reservoir 12E through the 
mjection intersection 40E toward the analyte waste reservoir 18E. Buffer was 
simultaneously pumped from the buffer reservoir 1(SE toward the inalyte waste and 
waste reservoirs 18E, 20E to deflect the analyte stream and prevent the analyte from 
migrating down the separation channel. To inject a small alit.^ot of analyte the 
potentials at the buffer and analyte waste reservoirs 16E, I8E are simply floated for a 
short period of time (-100 ms) to aflow the analyte to migrate down the separation 
channel a, an analyte injection plug. To break off the injection plug, the potentials at the 
buffer and analyte waste reservoirs 16E, ISE are reapplied 

The use of micromachined post^lumn reactors can hnprove Uie power 
of post-separation channel reactions as an analytical tool by minirriziiig tiie vohmie of 
the extiasdtannel plumbing, especially between the separation and reagent channels 34E 
36E. This microchip design (Figure 22) was fibricated with moilest lengths for th^ 
separation channel 34E (7 mm) and reagent channel 36E (10.8 mm) which were more 
than sufficient for this demonstration. Longer separation channels can be manufiictured 
on a similar size microchip using a serpentine patii to perform more difficult separations 
as discussed above with respect to Figure 12. To decrease post-mixing tee band 
distortions. Uie ratio of tiie channel dimensions between the separation channel 34E and 
reaction channel 56 should be minimized so tiiat the electric fi.-ld strength in the 
separation channel 34E is large. Le.. narrow channel, and in tiie rcfction channel S6 is 
25 small, i.e., wide channd. 

For capillary separation qrstems. tiie small detection volumes can limit tiie 
number of detection schemes tiiat can be used to extrart information. Fluorescence 
detection remains one of tiie most sensitive detection techni(]ues for capillary 
electrophoresis. When incorporating fluorescence detection mto a sj-stem tiiat docs not 

30 have naturally fluorescing analytes, derivatization of the analyte must occur eitiier pre- or 
post-separation. When the fluorescent "tag" is short Uved or tiie separation is hindered 
by prc-separation derivatization. post-column addition of derivatizin ^ reagent becomes 
tiie method of choice. A variety of post-separation reactors have bee:i demonstrated for 
capaiaiy electrophoresis. However, tiie ability to construct a post separation reactor 

35 witfi extremely low volume connections to minimize band distortion has been difficult. 
The present invention takes tiie approach of iabricaiing a microchip device for 
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elcctrophorctic separations vrhh «i imegntted post-scp««»ion n«cUoi. channel 56 in a 
»„gte monolUWc device enaWing extremely low volume exchanges between mdividual 
channel fiinctions. 



iMtead of the po«-«|)Kilk» liiinnd n«»f <1«^ " 

dLd 34F to giv. U«« Add in U« «««io» c^^^ 

«y«c. *n« for ft. Th. «.«ion cl»nb.r U 96 w^. .. talM^* »d 

« ^o, d«p. ft. «pa«<io» ch»«l MF U 3 1 pn. »ide « »<d " 
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The microchip Ub0M0.y lOF w» ««l w PC*™ on-liiK 

..p,^ dunna ,.«flon. coupW -id. *cooph«..ic ^ 
prlcB, H«e. d« r«»r i. op««- conUnuou-y «i* 

periodic!., in«. d» «P««io. ch«»«. 34F using .he g««. 4«PC»« 

O Lih .«P« to F-go.. 3. Th. opcnaon of th. nicrodnp conMU. of .hr« *« 

of L» «d. wiU. o-phUuidi^dd^c (OFA) i*c«. of U» 

c«, a» «P««ion colunu. »d sq»«ion/ d-ccdon of d« con^on^ 

^"U-t .h. *™ >^F. .6F. ..F »d 20F 

,^ .inudun^o-y giv» vo.Ug« of .5 HV. .5 HV. HV^ .2BV^ ^ 
in r»>«liwlv TW. conaguraion .lUwcd the lo<»est postal drop ««« the i««wo 
STfa- ^V/anTor 1.0 IcV .ppli». » th. ntioochip) ^ high«. ^o» *c 

t::^ ^ 3. (300 V- - -^rr^r:^'.:::^ 

,5 r:r^.^»T,«Lnc..f,OOK«wi.h.OKmdi™..^ 

35 tncrwcnrwr. rescivoir 14F are 

the first reservoir 12F ano tnc redfec-u 
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dectroosmoticaliy pumped into the reaction chamber 42F with a ^yolumelric ratio of 
1:1.06. Therefore, the solutions from the analyte and neagem rescivcws 12F» 14F are 
ctiluted by a factor of » 2. Bufifer was sinaikaneously punriped by clcctroosmosis from 
the buffer reservoir 16F toward the analyte waste and waste reservoirs 18F, 20F. This 
S buffer stream prevents the newly formed product from bleeding into the separation 
channd34F. 

Preferably, a gated injection scheme, described above with respect to 
Figure 3, is used to inject efDuent from the reaction chanriber 42F into the sqiaration 
channel 34F. The potential at the bu&r reservoir I6F is simply floatod for a brief period 

10 of time (0. 1 to 1,0 s), and sample migrates into the separation chaime! 34F. To break off 
the injection plug, the potential at the buffer reservoir 16F is re^)p:ied. The length of 
the injection plug is a fonction of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amino acids 
^th the OPA continuously generates fresh product to be analyzed. 

15 A significant shortcoming of many capillary dectrop*ioresis experiments 

has been the poor reproducibility of the injeaions. Mere, because the microdup injection 
process is computer controlled, and the injection process involves the opening of a ^ngle 
high voltage switch^ the injections can be accurately timed events. I^gure 26 shows the 
reproducibility of the amount injected (percent relative standard deviation, % rsd, for the 

20 integrated areas of the peaks) for both ar^nine and glydne at mjection field strengths of 
0.6 and 1.2 kV/cm and injection times ran^ng fi:om 0.1 lo 1.0 s. For injeaion times 
greater than 0.3 s, the percent relative standard deviation is below 1.8%. Thti; is 
comparable to reported values for commercial, automated capil'ary etectrophoresis 
instruments. However, injections made on the microchip arc « 100 times smaller in 

25 volume, e.g. iOO pL on the microchip versus 10 nL on a commercial instnimcnL Part of 
tlvs fluctuation is due to the stability of the laser which is » 0.6 %. l^or injeaion times > 
0.3 8, the error appears to be independent of the compound injected and the injection 
field strength. 

Figure 27 shows the overlay of three dectropho 'ctic separations of 
30 arginine and glycine after on-microchip pre-colunm derivatization with OPA vnih a 
separation field strength of 1.8 kV/cm and a separation length of 10 mm. The separation 
field strength is the electric field strci^gth in the separation chwuid 34F duriiig the 
sqiaration. The field strength in the reaction chamber 42F is 150 V/cm. The reaction 
times for the analytes is inversely related to their mobilities. e.g., for ar^nine the reaction 
35 time is 4. 1 s and for glydne the reaction time is 8.9 s. The volumes of the injected plugs 
were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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TsJr^irjW.. »«1 0.996 to tf,*. fcr «p-«km 

«^Kn'iti^« for the ammo acids, A ten-loia excess oi wi^/^ 

la,, Swnd no pixwHwsly reported d.1. for •W'iM or jhrcM • „6hri»«-l 

'tH-c »o«. d»« U,= pot»a- power of """'f™^ 
™»,. for B«fonring chemical proc»l»«5. The d«. P«»«ed » "W" 

confer .m^y r:<:iTZ :^ 

Le «d.r of 100 nL of These ,e«*s «e «.vre«ocn«l «.«-"» 

mtomaion. speed «id voloine for chemicd teaotioM. 

DMA ft"<W»'< «,.iv9is orocedure, • itstiiction 

To demoostrite s inoSil biolaeieal mAym pro-i»>" . 

di«^ion »«1 decttophorrtic »h« experimo* «e pcrfora-d «<,«nt»ll, on ih. 

^ j^JZdJl r.«<o./el««.pho..*. ntoocHp W««n lOO *own m 
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foUows a terpentine path. The sequence for plasmid pBR322 anc the reoognitwn 
Mquence of the enzyme Hinf I are known. After digestion. detcnninatKm of the 
fragment distribution is peifonned by separating the digestion products usmg 
dectrophoresis in a sieving medium in the separttion channel J4G. For these 
experimems. hydroxyethyl cellulose is used as the aieviiw medium. At a fi«d pomt 

downstieam in the separation chamid 34G. migrating fragments are mtenogated using 
on-chip laser induced fluorescence with an intcrcatating dye, thiazole oraqge duner 

(TOTO-1), asthefluorophore. 

The reaction chamber 42G and separation channel 340 shown in Figure 
29 are I and 67 mm long, respectively, having a width at half-depth of 60 >im and a 
depth of 12 urn. In addition, the channel walls are coaled with polyaciylamide to 
nunimize elcctroosmotic flow and adsorption. Bectiopherograms a^e generated using 
single point detertion hser induced fluorescence detection. An argon ion laser (10 mW) 
is focused to a spot onto the chip using a lens (100 mm focal length) The fluorescence 
15 signal U coUectcd usmg a 21x objective lens (N.A = 0.42), followed by spatial fUtenng 
(0 6 mm diameter pinhole) and spectral filtering (560 mn bandpass. 40 mn bandwidth), 
and measured using a photomultipUer tube (Pl^. The data acquisition and voltage 
switching apparatus are computer controlled. The reaction buffer is 1 0 mM THs-acetate. 
10 mM magnesium aceute, and 50 mM potassium acetate. The reaction buffer is ptoced 
^ . — — .^^ — 29. The 
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20 in the DNA. enzyme and waste 1 reservoirs 12G, 14G. 18G shown in Fi 

separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) hydroxycthyl 
cellulose. The separation buffer is placed in the buffer and waste 2 .«scrvoirs 16F. 20F. 
The concentrations of the plasmid pBR322 and emqrme Hinf I « e 125 and 4 
units^Hl. respectively. The digestions and separations arc performed at room 

25 temperature (20'C). 

The DNA and enzyme are dectrophoretically loaocd mto tiie rcacuon 

chamber 42G from their respective reservoirs 120. 14G by appUcation of proper 
electrical potentials. The relative potentials at tiie DNA (12G). aizyme (14G). buffer 
(16G) waste 1 (18G). ami waste 2 (20G) reservoirs are 10%. 10% 0. 30%. and 100%, 
30 respeJtively Due to the electrophoretic mobility differences between the DNA and 
enzyme, tite loading period U made sufficiently long to reach equiybrium. Also, due to 
die small volume of the reaction chamber 42G. 0.7 nL. rapid difRisiomil mixmg occurs. 
The etectroosmotic flow is mmimized by tiie covalent immobilization of bnear 
polyacrylamide. thus only anions migrate from the DNA «id e«yme reservoirs »2G. 
35 14G mto the reaction chamber 42G witii the potemial distributions used. The reaction 
buffer which contains cations, required for the enzymatic digestions, e g Mg* . is also 
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^ danger co«m«-n«« to the DNA »d «^ *«« «!« 

5 oflkeDNA through the ™M«iondiiiiib«r- . j .l_ 

Foltowi.W the dig».i» period, the p«HlucB « "«g««l i«o Ui. 

^ep.«io» oh»»d 34F lor »-ly» l.y ao-«g «- vol,*.' » *« 
r««voi« 16F. IW. The i*clk» h» . moMOr .h. sn-Uer ft.po«^ 

10 to th. 75- b« p«r (bp) ft.g™« i. e«im««* to be 0.34 rm. whe.«. fer the .63W>p 
^ o* 0.r«n. The* plug ".n«po«l to 34% »d 22% 

b. «»l,xed under cu«n. «p«rfo. coixBtioa. 

phig lei«th to th. pl«e beigM would be oven«fhelii«ng. u j vff ite 

Folto»ing dige»tk.n »«1 W««ion onto the iep«t»>n cb«nd 3«^ tf» 

fi,gM«. «e x.«*vrf u«* l.<»i («^) bydro»y«M cdluk« « .ho 
ZTjO *ow. » doet^phen*™ of the «stri«on ft.gn««. P.-™* 
p^22 ibnowing . 2 b, the a„,™. Hirfl. To «"W.f°^ 

cUunn «.Wng of tb. dc«W«.r.nd.d DNA -tcr dige«lon b». pr«r o «««^ 
■he tafrcdwtag dye, TOTO-I (I ^M). » plwed in th. wew i «cnw MG oo^ «hI 

^ coun,™ to th. DNA A. «p.c.»i. the .d-iv. of ^ 

ta^ with <^ i"'™'''*" 

Th.«»soW«.220mi«..507«I14.p««n«nttb...gh«^^ 

« thne. N-ctio. V0.U.UC. « 0.55 end 3.1 % -i«- <^ 

rv.rfi£l1 reftoectively. for 5 replicate analyses. 

^ TH. demonar-io. .f . .nicrodip 1*«ao.y .y«cr' lOG th.. pcfom- 

Lutunzing ,K« »phi«iat«I Wochenucd pro-du... ""'^"-TlZr^ 
30 »pK«i<«t.d i«.gnu«l .»i«ochip cb»nic.l 

!l^dLc.nux».«.g«»«i.H».n-y«.'~^'^-'^'-»^7^^ 
J^. toducts, »d the product. -*ely under cr»npu«r u*.le 

10.000 U«« W» n».ert- th^, th. typiC sn-n voh™ .--r-ory 

„ ,n generd. the p.«« i«v»«io. »n be u»d to nux differem fluid. 

co«-ned in dilL. P«t. or r«er«i«. "nus could be u«d for . h,p»d 
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^ ..niirinuint fbUowed hv post-coUinm labc'ing reactions in 
chronwtography separation otpennuait touoww ay p . a. primary 

wMch different chemicd aolution. of a given volume pumpcd into ti^ pmn-y 
cl-nne. «d other reagents or solutions c«i be is^ected or S^J^Z 
^« different times to be nuxed in precise and known To«^ 

5 SIT^cess. it is necessary to aco^ 

channels. 

erf^nitSTuntinpBMaftfSWCT , wswn lo *<«« 

Figure 31 *ow P"""""*' 

^u™n l^ng ««tio«. In «^ «»«vcin .2 .4 «o.«^ 

"ivenu «> b. Led in . IkiukJ c*n«»»g™p.v P«.g™«»»8 •»■» «f «!««'«'"• 

„«voi« W »d 1» « u«l to «*. » Section tau. th. Ikimd chron>..oB"l*y or 
c»»«. 34 « d»cu«d *a«. r».%, 22 ™d « d»m^36 

^ — oiuimiiJ 14 are used to add a reagent, which is added m 
attaching to the separation channe! 34 are used to aofl reag^^ ^^^^ 

sqwatea 
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To =«oute thU process. « is «<«»y to ^rmiy cowrol 

vol-n« of «*«ion (.100 « fto" "S-voirs .2 »d 40 «ri ««™«l)r 
,2^1 *em i«o the cl.».«d 34. For «rious »«» 

^ ptogr^ndn, for liquid chrom«og™pH, or r«s». -di-ion for po«-co.umn 
^■^.^^.s «». sue-n. of .ol«.i«» b. ««d in precise Ko^ 



30 

concentrations 



The mixing of various solvents in knov;n proportions can be done 

. • tiu eantroUine DOtenUals which ulumately control 

according to the present invention by controuing poicna- 

* . . J- » J .<«.«»:ni. 1 Accordine to eruation 1 the dectnc 
cleciroosmotic flows as indicated in equation I. Accoraing 

« fi^ strength needs to be known to determine the linear vdoaty of the solvent. In 
g^e^ in these types of fluidic manipulations a known potential or voltage is applied to 
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a given reservoir. The field strcm(th can be calculated fium the applied voltage and the 
characteristics of the channel. In addition, the resistance or condui;tance of the fluid in 

the channels must also be known. 

The resistance of a channel is gjmsn by equation 2 where R is the 
resisuuice, k is the resistivity, L is the length of the channel, and A is the cross-sectsonal 



10 Fluids are usually characterized by conductance which is just the 

redprocal of the resistance as shown in equation 3. In equation is K is the electrical 
conductance, p is the conductivity, A is the cross-sectional area, and L is the length as 
above. 

15 K P) 

In 



Using ohms law and equations 2 and 3 we can write the field strength in a 
gwcn channel, i, in terms of the voltage drop across that channel divided by its length 
wMch is equal to the current, Ii through channel i times the resisiivity of that channel 
divided by the cross-sectional area as shown in equation 4. 

Li A| K,A, 



Thus, if the channel is both dtmensionally and elect rical^r characterized, 
the voltage drop across the channel or the current through the chinnel can be used to 
determine the solvent velocity or flow rate through that chanr.el as,: expressed in 
25 equation 5. It is also noted that fluid flow depends on the zeta potential of the surface 
and thus on the chemical make-ups of the fluid and surface. 



V| ac I| ac Flow 
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Obidously the conductivity, x, or the reasthrity, p, will depend upon the 
diaracteristics of the solution which could vaiy from chainiiet to cteLnnd. In many CE 
applications the characteristics of the buffer will dominate the dectrical characteristics of 
the fluid, and thus the conductance will I^e constant. In the case of liquid 
S chromatography where solvent programming is performed, the dectrical characteristics 
of the two mobile phases could difier considerably if a buffer is not used. During a 
solvent programming run where the mole fraction of tiie mixture is changing, the 
conductivity of the imxture may chaise in a nonlinear fashion but it will change 
monotonically from the conductivity of the one neat solvent to the other. The actual 
10 variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, the device shown scheitiatically in Figure 3 1 could be 
used for performing gradient elution liquid chromatograpiiy with post-column labding 
for detection purposes, for example. Figure 3 1(a), 31(b), and 31(c) show the fluid flow 
I S requirements for carryii^ out the tasks involved in a liquid diromatography experiment 
as mentioned above. The arrows in the figures show the diiection and relative 
magnitude of the flow in the channds. In Figure 31(a), a volume of andyte from the 
andyte reservoir 16 is loaded iiuo the separation intersection 40. To execute a pinched 
injection it is necessary to transport the sample from the andyte reservoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition, to confine the landyte 
volume, material from the separation channd 34 and the solvem it:servoirs 12,14 must 
flow towards the intersection 40 as showru The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the iiatid conditions far a 
gradient dution experiment. At the beginning of the gradient dulion experiment, it is 
25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
diannd 34. To prevent such reagent flow, a small flcnv of buffer from the waste 
reservoir 20 directed toward the reagent channd 36 is desirable and this flow should be 
as near to zero as possible. After a representative andyte volume is presented at the 
injection intersection 40, the separation can proceed. 
30 In Figure 31(b), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down Uie separation channd 
34. In addition, the solvents flow towards reservoirs 4 and 5 to make a dean injection of 
the andyte into the sq;)aration channd 34. Appropriate flow of rea^t from the reagent 
reservoir 22 is also directed towards the separation channd. The iaitid condition u 
35 shown in Figure 3 1(b) is with a large mole fraction of solvem 1 and a small mote fraaion 
of solvent 2. The voltages applied to the solvent reservoirs 12. 14 are changed as a 
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fiinetion of time so that the proportions of solvents 1 ard 2 are ch«igcd from a 
dommaiK* of solvent! to mostly solvert 2. ITiisi. shown in Figw^ Thelatler 

monotonic change in appHed vohage eflfecu the gradient elation Uquid chron-tograp^ 
eKperiment A. the isolated components pass the reagent addition dumnd 36. 
appropriate reaction can ulce pU«e between this reagent and the isolated maienal to 
form a dcteclable spedes. 



changed 



ri|^U<9 »aaM»»» o 

for a hypothetical gradient chition e>cperiment The voltages riiown in this diagram only 
indicate relath«s magnitudes and not absolute voltages In the loading mode of 

10 operation, static voltages are appUed to the various reservoirs. SoK'crt flow from aU 
reservoirs except the reagent reservoir 22 is towards the analyte ^aste reservoir 18. 
Thus, the analyte reservoir 18 is at the lowest potential and all the other reservom^ are at 
higher potential. The potential at tiie reagent reservoir should be sufticientiy below that 
of the waste reservoir 20 to provide only a slight flow towards the reagent reservoir. 

15 The voUiige at the second solvent resenroir 14 should be sufficiently great in magnmide 

to provide a net flow towards the injection intersection 40. but the flow should be a low 

magnitude. . . , 

In xnoving to the run (start) mode depicted in Figure 3 1(b). the potentials 

.re readjusted as indicated in Figure 32. The flow now ia such tiiat tlx solvent from the 

20 soWcnts reservoirs 12 and 14 is moving down the separation channel 34 towards the 

waste reservoir 20. There is also a slight flow of soWcnt away from the mjcction 

intersection 40 towards the analyte and analyte waste reservoirs 16 and 18 and an 

appropriate flow of reagent from the reagent reservoir 22 into the separation chamiel 34. 

The waste reservoir 20 now needs to be at the minimum potential and the first solvent 

25 reservoir 12 at the maximum potential. All otiier potentials are adjusted to prov.de the 

fluid flow directions and magnitudes as indicated in Figure 31(b). Also, as shown in 

Figure 32. ti»e voltages applied to the soh«ot reservoirs 12 and 1 4 are monotomcally 

changed to move from the conditions of a large mole fraction of solvent I to a Urge 

mole fraction of solvent 2. 
30 At the end of tiie solvent programming run. the devxe is now ready to 

switch bade to the iiyect condition to load another sample. Th. voltage variations 
shown in Figure 32 are only to be iUustrative of what might be done to provide the 
various fluid flows in Figures 31(.).(c)- In an actual experiment some to the vanous 
vohages may weU differ in relative magnitude. 
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While advantageous embodiments have been chosen to illustrate the 
invention, it will be undei'stood by those skilled in the art that various changes and 
modifications can be made therein without departing finom the scope of the invention as 
defined in the appended claims. 
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Claims 

1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

1 1 . The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 11, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
dectiical potential associated therewith such that the volume of material transported from a first 
reservoir to a second res^oir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservour through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channd connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21. The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection » the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material ft-om die first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time pericxl, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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FIG. 3 
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FIG. 5(a) FIG. 5(b) FIG. 5(c) 
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FIG. 6 
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FIG. 8(b) 
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FIG. 9 
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FIG. 10 
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FIG. 17(a) 
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FIG. 17(c) 
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FIG. 21(a) 
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FIG. 26 
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